To obtain a comprehensive profile of the erythrocyte antioxidant defense potential during aging, we investigated copper-zinc superoxide dismutase (CuZn-SOD), seleno-dependent glutathione peroxidase (GSH-Px), glutathlone reductase (GSSG-RD), and glutathione-S-transferase (GSH-S-T) activities in human erythrocytes from 167 apparently healthy subjects, ages one month to 63 years (102 females, 65 males). We found a negative correlation between age and activities of CuZn-SOD (r = 0.362, P <0.001), GSSG-RD (r = 0.549, P <0.001), and GSH-S-T (r = 0.575, P <0.001). In contrast, we found a positive correlation between age and GSH-Px activity (r = 0.401, P <0.001). To evaluate aging changes, we divided the subjects into five groups: Group 1 (newborn-age one year), Group 2 (1-11 years), Group 3 (11-25 years), Group 4 (25-40 years), and Group 5 (40-63 years). Significant age-related modifications in erythrocyte enzyme activities appeared in Group 3 for CuZn-SOD, GSSG-RD, and GSH-Px activity, whereas for GSH-S-T activity age-related modifications appeared in Group 2. We found no sex-related differences in erythrocyte CuZn-SOD, GSSG-RD, GSH-Px, and GSH-S-T activities. GSH-S-T, glutathione-S-transferase; GSSG-RD, glutathione reductase; Hb, hemoglobin; and CDNB, 1-chloro-2,4-dinitrobenzene.
Oxygen free radicals are thought to be implicated in the aging process (1). The univalent reduction of oxygen results in a series of cytotoxic oxygen species such as superoxide anions (0 ), hydrogen peroxide (H202), and hydroxyl radicals (0H). These highly reactive species can cause a wide spectrum of cell damage including lipid peroxidation, inactivation of enzymes, alteration of intracellular oxidation-reduction state, and damage to DNA (2) . Aging can thus be viewed as a process of irreversible changes associated with accumulation of these oxidative damages in the cell.
Mammalian cells possessenzymatic antioxidant defenses to cope with oxygen free radicals, e.g., copperzinc superoxide dismutase (CuZn-SOD; EC 1.15.1.1), which catalyzes the dismutation of superoxide anions (Or) to hydrogen peroxide (H202), and catalase (EC 1.11.1.6) and seleno-dependent glutathione peroxidase (GSH-Px; EC 1.11.1.9), which catalyze the degradation of H202 to H20 and 02. GSH-Px catalyzes the reduction of H202 to H20 at the expense of reduced glutathione (GSH). In addition, numerous other hydroperoxides, including those originating from unsaturated fatty acids, thymine, and DNA, also serve as substrates for GSH-Px. Glutathione-S-transferases (GSH-S-T; EC 2.5.1.18), a family of isoenzymes serving a major role in the biotransformation of many reactive compounds, could also catalyze the conjugation of OSH with a wide variety of organic peroxides (including lipid peroxides) to form more water-soluble compounds (nonseleniuni peroxidase activity) (3) . The regeneration of GSH as a substrate for GSH-Px and GSH-S-T is catalyzed by glutathione reductase (GSSG-RD; EC 1.6.4.2). All of these enzymes form an important defense system to ensure the degradation of cytotoxic oxygen species to less harmful compounds. According to the free radical theory of aging, which postulates that life span is limited by the ability of the organism to cope with damaging free radical reactions (1), one might expect the activity of antioxidant enzymes to be altered in the senescent cells. In normal dividing cells, activity of these enzymes has been reported to either increase or decrease, depending on the tissue and age of the animals studied (4). Furthermore, aging may affect each individual antioxidant enzyme in a specific pattern (5) . These studies suggest that some regulatory mechanisms exist in senescent tissues to provide an efficient defense against oxygen free radicals, which may be generated at a higher rate during aging. Total GSH-S-T activity with 1-chloro-2,4-dinitrobenzene (CDNB) as substrate was measured according to Habig et al. (15) . Formation of the S-conjugate was followed by its absorbance at 340 nm. The activity was expressed in terms of micromoles of CDNB conjugated per gram of Hb per minute.
Enzyme activities of each sample were automatically performed in duplicate on a Cobas-Bio centrifugal analyzer (Hoffman-LaRoche, 4002 Basle, Switzerland) according to a modification of the methodology ofJaskot et al. (16) .
Statistics
We estimated differences among groups being compared by a one-way analysis of variance, with respect to each of the variables studied. When a significant intergroup difference was found, post hoc testing was performed (Duncan's multiple-range test) to determine which groups differed significantly (P = 0.05) from which other groups. We determined the degree of linear correlation between age and each of the enzyme activities studied, using the Pearson correlation coefficient.
Results
To establish whether enzymes implicated in oxygen metabolism were altered in human erythrocytes as a function of age, we measured CuZn-SOD, GSH-Px, GSSG-RD, and GSH-S-T activities in erythrocytes of 167 healthy subjects classified in five age groups ( Table 1) .
The mean (± SD) CuZn-SOD activity in erythrocytes was the same in Groups 1 (1.8 ± 0.3 U/g of Hb) and 2 (1.8 ± 0.3 U/g of Hb), but was higher than in other groups. Between Group 3, Group 4, and Group 5, the mean CuZn-SOD activity was not markedly different, being respectively, 1.6 ± 0.2, 1.7 ± 0.2, and 1.6 ± 0.2 U/g of Hb, but was significantly lower than in Groups 1 or 2 (P <0.001).
The mean GSSG-RD activity in erythrocytes was not markedly different in Groups 1 and 2(5.9± 1.4 vs 5.4 ± 2.1 mol of NADPH oxidized per minute per gram of Hb) and was greater than in other groups. Between Groups 3,4, and 5, the mean GSSG-RD activity showed no marked change and was, respectively, 3.9 ± 0.9, 3.8 ± 0.9, and 4.1 ± 0.8 p.mol of NADPH oxidized per minute per gram of Hb, but was significantly lower than in Groups 1 or 2 (P <0.001).
Thus, the profile of changes in CuZn-SOD and GSSG-RD activities in erythrocytes was the same during aging, as shown in Table 1 . The proffle of changes in GSH-S-T activity during aging is quite different, because a significant reduction (P <0.001) was observed in Group 2 compared with Group 1 (2.3 ± 1.5 vs 3.5 ± 1.3 jnnol of CDNB conjugated per minute per grain of Hb). Between Groups 3,4, and 5, the mean GSH-S-T activity showed no significant changes, being respectively, 1.9 ± 0.6, 1.6 ± 0.6, and 1.9 ± 0.8 zmol of CDNB per minute per gram of Hb, but was significantly lower than in Group 1 (P <0.001 compared with Group 1 values); only Group 4 was significantly different from Group 2.
The profile of changes in GSH-Px activity during aging is the reverse of the CuZn-SOD, GSSG-RD, and GSH-S-T activities. GSH-Px was not significantly different between Groups 1 and 2(5.8 ± 2.2 and 6.1 ± 2.0 pznol of NADPH oxidized per minute per gram of Hb) and was lower than in other groups. Between Groups 3, 4, and 5, the mean GSH-Px activity showed no significant changes, being respectively, 7.7 ± 1.6, 7.4 ± 1.9, and 7.7 ± 1.5 izmol of NADPH oxidized per minute per gram of Hb, but was significantly higher than in Groups 1 and 2 (P <0.001).
We found no sex-related differences in erythrocyte CuZn-SOD, GSSG-RD, GSH-Px, and GSH-S-T activities. Age-related modifications in erythrocyte enzyme activities were apparent in Group 3 for CuZn-SOD, GSSG-RD, and GSH-Px activities, whereas for GSH-S-T these age-related modifications appeared in Group 2.
We found a strong negative correlation between age of the subjects and CuZn-SOD activity (r = 0.362; P <0.001), GSSG-RJ) activity (r = 0.549; P <0.001), and GSH-S-T activity (r = 0.575; P <0.001), whereas the correlation between age and GSH-Px activity was positive (r = 0.401; P <0.001) (Figure 1 ).
Discussion
Since Harman (1) put forward the free radical theory of aging, knowledge about the relationship between aging and oxygen free radical generation and metabolism in living organisms has accumulated rapidly. Although this theory has not been uniformally accepted, strong evidence exists that aging is related to the deleterious and irreversible changes in the body produced by free radical reactions. Furthermore, great controversy exists as to whether aging is associated with an increase or a decrease of antioxidant enzyme functions in the cell. In the present investigation, we chose to examine the antioxidant enzyme activities in erythrocytes, because they are representative cells with regard to their physiological role, oxygen radicals and H202 being continuously generated by the autoxidation of hemoglobin (6). The antioxidant enzymes CuZn-SOD and glutathione-related enzymes (e.g., GSH-Px, GSSG-RD, and GSH-S-T) form a substantial defensive network against oxidative stress. This report is the first in which and glutathione-related enzyme activities were measured simultaneously as a function of the donor age.
Our data clearly showed a decrease in CuZn-SOD, GSSG-RD, and GSH-S-T activities, whereas GSH-Px activity was increased in human erythrocytes as a function of age. Thus, the alterations of eiythrocyte antioxidant enzyme activities with aging were differential.
The measurement of enzyme activity in an erythrocyte sample at any age reflects the mean value of a constantly changing population of cells; therefore, it can be assumed that a variation in enzyme activity of the sample as a whole implies changes produced by an increasing proportion of younger erythrocytes in the sample.
CuZn-SOD serves as a major antioxidant enzyme in erythrocytes, where superoxide radicals (O ) are continuously generated by the autoxidation of hemoglobin (6). The results of this study suggest that the CuZn-SOD activity in the erythrocytes of children in Group 1 is similar to the CuZn-SOD activity in the erythrocytes of children in Group 2. These data are compatible with the recent results of Wasowicz et al. (17) ; other authors have reported similar conclusions (7, 18) . The lowest value of CuZn-SOD activity was found in the group of adolescents and young adults in Group 3 and older adults in Groups. In Group 4, CuZn-SOD activity was between Groups 1 and 2 and Groups 3 and 5. This observation contradicts the finding of Haga and Kran (19) that values of CuZn-SOD activity were lower in children than in adults, and was also different from other authors who showed no difference (20-23). These disputable results may be partially due to differences in enzymeactivity measurements and selection of patients. Inactivation of CuZn-SOD has been reported to be associated with aging in rats (8), but it is not known whether such inactivation is harmful or beneficial in vivo. CuZn-SOD is irreversibly inactivated by its product H202 because exposure of intact erythrocytes to H202 resulted in the inactivation of endogenous CuZn-SOD in a concentration-dependent manner (24, 25). Another explanation for the marked decrease in CuZn-SOD activity in erythrocytes as a function of age could be an increase in the glycation of CuZn-SOD (26) . An increase in the glycation of CuZn-SOD was observed in aged erythrocytes (27) , indicating that the glycation reaction is an agerelated change under physiological conditions. Because both copper and zinc are a part of the catalytic site of CuZn-SOD, a lowered CuZn-SOD activity may reflect Cu or Zn deficiency. The mean zinc concentration in the erythrocytes of healthy children has been found to be age-dependent and the changes in zinc concentration are accompanied by significant decreases of CuZn-SOD activity (17) . Moreover, copper deficiency caused a significant decrease in erythrocyte copper concentration and CuZn-SOD activity (28) .
The patterns of changes in glutathione-related enzyme activities in human erythrocytes are of particular interest:
GSH-Px activity showed significant positive correlations with increasing age, whereas GSSG-RD and GSH-S-T showed a significant negative correlation with increasing age; no significant gender difference was observed, although GSH-Px values were slightly higher in females than in males. (31) found that activity of GSH-Px decreased with age in control erythrocytes. It is possible that the enhanced GSH-Px activity and its age-related variation observed in the present study might be related to the selenium status (32) .
Other studies were unable to detect differences between fetal and adult erythrocyte GSH-S-T (33). The metabolic function of erythrocyte GSH-S-T is not clear. The glutathione S-transferases are a group of isoenzymes present in various tissues, including liver and erythrocytes, shown to be capable of detoxifying various endogenous and exogenous substances by conjugation with glutathione (3). They also exhibit nonseleniumdependent GSH-Px activity against organic hydroperoxides but not against H202 (3). Human erythrocytes have been said to contain only GSH-S-T Pi, a form of transferase with a relatively low GSH-Px activity. In normal subjects, we observed that GSH-S-T is high during the first year of life, then decreases to remain virtually constant during childhood and adult life. Similar results were described by Carmagnol et al. (34) . These variations are not likely to be due to a change in the properties of the enzyme, because Strange et al. (33) found that the specific activity of partially purified GSH-S-T from fetal and adult blood remains constant. They are more probably due to different GSH-S-T concentrations inside the erythrocytes.
In erythrocytes, the GSH-Px-/GSSG-RD-catalyzed
GSH-GSSG
cycle plays a key role in metabolizing H202 and organic peroxides. The observed increase of GSH-Px activity with age suggests an increase in H202 formation. During the aging process of human erythrocytes, steady-state concentrations of H202 may be much higher, which could lead to induction of GSH-Px activity, an adaptative phenomenon (35) .
Although GSSG-RD and GSH-S-T showed significant reduction with age, we are at present not aware of any mechanism governing these changes. Concentrations of GSH are partly regulated by GSH-Px and GSSG-RD. GSSG-RD acts to reduce GSSG to GSH. The decreased activity of GSSG-RD together with the increased GSH-Px activity could lead to a reduced GSH/GSSG ratio in the process of erythrocyte aging and could explain the age-associated decrease in the blood GSH concentration of healthy men and women (36, 37) . Additional study is required of erythrocytes during aging, e.g., estimation of glutathione and determination of other enzyme activities involved in glutathione metabolism, to clarify their role in the defense mechanism against oxidative stress during aging. We thank Professor P. Kanioun for his helpful discussion.
